sFLT1 is a splice variant of the VEGF receptor lacking the cytoplasmic and transmembranous domains. By binding the VEGF ligand, signal transduction is inhibited and an anti-angiogenic state is promoted. There is ample and fairly direct evidence in humans that the latter can be both destructive/disease-producing (preeclampsia[@bib1]) and beneficial/therapeutic (retinal neovascularization[@bib2]; macular degeneration[@bib3]). Indeed, sFLT1 presence is responsible for maintenance of the normal corneal avascular environment.[@bib4], [@bib5] In contrast, the fenestrated vasculature, including the renal peritubular capillaries, seems, at least in part, dependent on the presence of VEGF creating a pro-angiogenic environment.[@bib6], [@bib7] The basis for CKD is exceedingly complex, involving epithelial and capillary loss with associated inflammatory and pro-fibrotic changes. This injury is multifactorial, and progression is based on many factors, such as the ramifying effects of progressive capillary loss in the setting of continual demands on the residual nephron population. In this paper, we demonstrate that sFLT1 protein is expressed by infiltrating histiocytes in renal biopsy tissues from CKD patients and may be an important factor in the capillary, interstitial, and tubular alterations that characterize CKD.

Methods {#sec1}
=======

Clinical and Molecular Studies {#sec1.1}
------------------------------

Renal tissue specimens used in these studies were archived kidney biopsies from patients receiving care at the Beth Israel Deaconess Medical Center. Our studies were approved by the Institutional Review Board at the Beth Israel Deaconess Medical Center. In all cases, the research was conducted according to principles having their origin in the Declaration of Helsinki and the Declaration of Istanbul. Clinical details and summary data of the biopsy specimens used in this study are provided in [Table 1](#tbl1){ref-type="table"}.Table 1Summary of morphological data and results of sFLT1 immunohistochemistry in human kidney biopsiesPatient no.Clinical diagnosisIFTA (0--4)Creatinine (mg %)Inflammation (0--4)sFLT1+ histiocytes (0--4)1Polyoma10.8442Polyoma10.7333Polyoma130.50.54Interstitial nephritis42.8435Intrestitial nephritis46.3436Interstitial nephritis43.4337Interstitial nephritis43.6338Interstitial nephritis27.610.59Interstitial nephritis12.64410SLE420.5111SLE10.60.50.512SLE10.50013SLE11.40014SLE34.31015SLE10.80.50.516DM23.74417DM32.12318DM31.420.519DM43.722.520DM35.90.5021DM22.10022DM220.5023DM36.40.50.524DM31.51025DM31.510.526Transplant41.50.50.527Transplant2130.50.528Transplant13.10029Transplant32.210.530Transplant220.5031Transplant12.31032Transplant21.32233Transplant32.81134Transplant110.50.535ANCA32.220.536ANCA35.43337ANCA140.50.538ANCA26.61.5239ANCA10.80.50.540ANCA15.50041ANCA171042Hypertension21.41143Hypertension20.80.50.544Hypertension21.91045CKD GN44.71.51.546DM + IgA261.5247IgA31.31.5348IgA33.82.5249IgA31.20.5050IgA21.90.50.551IgA11.10.5052TMA320.50.5Median---22.1510.5Lower quartile---11.40.50Upper quartile---33.8522[^1]

Histology and Immunohistochemistry {#sec1.2}
----------------------------------

Archived paraffin sections (4 μm) on polysine-coated slides (Fisher, Atlanta, GA) were deparaffinized and rehydrated. Optimal staining was achieved with an antigen retrieval method that was performed in 10 mmol/l citric acid, pH 6.00, for 30 minutes. Endogenous peroxidase was quenched with 3% H~2~O~2~ in ddH~2~O for 15 minutes. Sections were blocked with 2.5% normal horse serum at room temperature for 40 minutes and incubated 40 minutes with a 1:200 dilution of primary sFLT1 that recognizes the N-terminal region of FLT1/sFLT1 (catalog no. AF321; R&D Systems, Framingham, MA), and CD34 or CD68 antibodies (Agilent, Santa Clara, CA). Specific labeling was detected with an ImmPRESS HRP Anti-Goat or Anti-Mouse IgG (Peroxidase) Polymer Detection Kit (Vector Laboratories, Burlingame, CA). All primary antibodies used in this study are listed in [Table 2](#tbl2){ref-type="table"}. The enzymatic reaction product was achieved by using DAB substrate to give a brown precipitate, and the sections were counterstained with hematoxylin, dehydrated, and mounted in Permount. Sections with no primary antibody were used as negative control slides. For positive controls, tissues previously shown to express the antigen of interest by immunohistochemistry (IHC) were used.[@bib8], [@bib9] We also used, as a negative control for sFLT1 IHC, a Goat IgG Isotype Control (catalog no. 02-6202; Thermo Fisher Scientific, Waltham, MA)[@bib9] and for CD34 and CD68, a mouse Universal Negative Control for Mouse Primary Antibodies (catalog no. IS75061-2; Agilent).Table 2Antibody listAntibodySourceVendorVEGF R1/FLT1Polyclonal Goat IgGR&D Systems (Framingham, MA) \#AF321VEGF R1 (soluble)Polyclonal Rabbit IgGThermo Fisher Scientific (Waltham, MA) \#36-1100CD68Monoclonal Mouse Clone \#KP1Agilent (Santa Clara, CA) \#IR60961-2CD34Monoclonal Mouse Clone \#QBEnd 10Agilent \#IR63261-2Goat IgGIsotype controlThermo Fisher Scientific \#02-6202Mouse IgGIsotype controlAgilent \#IS75061-2Rabbit IgGIsotype controlAgilent \#IR60066-2[^2]

Immunofluorescence {#sec1.3}
------------------

Snap-frozen, nonfixed kidney biopsies were double immunofluorescence stained with sFLT1/CD68 antibodies or sFLT-1/CD34 antibodies. Five-micrometer cryosections of kidney biopsies were cut and equilibrated in phosphate-buffered saline for 10 minutes at 37 °C, followed by incubation with sFlt-1 (1:200; AF231; R&D Systems), CD68 (FLEX Monoclonal Mouse Anti-Human CD68, Clone KP1, (Agilent), or FLEX Monoclonal Mouse Anti-Human CD34 Class II, Clone QBEnd 10, (Agilent) for 30 minutes at 37 °C. Slides were then rinsed with phosphate-buffered saline and incubated for 30 minutes with VectaFluor R.T.U. DyLight 594 Anti-Goat IgG or VectaFluor R.T.U. DyLight 488 Anti-Mouse IgG (Vector Laboratories), respectively. Slides were rinsed twice in phosphate-buffered saline and mounted.

Pathology Evaluation {#sec1.4}
--------------------

As shown in [Table 1](#tbl1){ref-type="table"}, interstitial fibrosis and tubular atrophy were evaluated using a 4-tier scale: mild, approximately 5% of renal parenchyma involved (grade 1); moderate, 10%--25% (grade 2); 25%--50% (grade 3); and severe, greater than 50% (grade 4). Inflammation was quantified similarly on a 4-tier scale.[@bib10]

sFLT1 immunostaining was quantified ([Figure 1](#fig1){ref-type="fig"}) on a 5-tier scale: sFLT1-positive cells that constituted more that 50% of the inflammatory infiltrate (grade 4); 25%--50% (grade 3); 10%--25% (grade 2); 10% (grade 1); and \<10% (grade 0.5).Figure 1Grading scale for immunohistochemical staining of soluble fms-like tyrosine kinase 1 (sFLT1) in kidney biopsies: sFLT1-positive cells that constituted more than 50% of the inflammatory infiltrate (grade 4), 25%--50% (grade 3), 10%--25% (grade 2), 10% (grade 1), and \<10% (grade 0.5). Bars = 20 μm.

Statistics {#sec1.5}
----------

Pearson's correlation coefficients were calculated to determine the association between sFlt1-positive cells and inflammatory cell numbers. Median, lower, and upper quartiles were calculated for interstitial fibrosis and tubular atrophy, creatinine, inflammation, and sFLT-1 immunostaining in [Table 1](#tbl1){ref-type="table"} with Microsoft Excel version 16.27 (Microsoft, Redmond, WA).

Results {#sec2}
=======

A total of 52 renal biopsies were studied using immunohistochemistry and immunofluorescence staining for sFLT1, CD34, and CD68, to identify the location, cell type expression, and proximity to capillaries for sFLT1 expression in various kidney diseases. [Table 1](#tbl1){ref-type="table"} includes a summary of all the data, including clinical diagnosis, inflammation, interstitial fibrosis and tubular atrophy score, and results of sFLT1 immunohistochemistry staining as described in the Methods. The criteria for selection of the cases were random, but an effort was made to find varying degrees of kidney injury. The biopsies were immunostained for sFLT1 and evaluated on a 0--4 grading scale of positive cells within inflammatory infiltrates ([Figure 1](#fig1){ref-type="fig"}). Cases studied included: drug-induced interstitial nephritis (6); allografts (12), 3 with polyomavirus nephritis; diabetes mellitus (10); lupus glomerulonephritis (6); anti-neutrophilic cytoplasmic antibody disease (7); IgA/ Henoch-Schönlein purpura nephropathy (6); and miscellaneous chronic kidney diseases (5; [Table 1](#tbl1){ref-type="table"}). A total of 47 biopsies had inflammatory infiltrates, of which 37 had sFLT1-positive cells: 3 biopsies had cells that constituted more than 50% of the inflammatory infiltrate (grade 4); 9 were grade 3 (25%--50%); 5 were grade 2 (10%--25%); 3 were grade 1 (10%); and 17 were grade 0.5 (\<10%). The positive cells were generally single but formed clusters that became diffuse. Cases of polyomavirus nephritis (2), drug-associated interstitial nephritis (5), advanced diabetic kidneys (3), anti-neutrophilic cytoplasmic antibody (1), and Henoch-Schönlein purpura (1) were the most positive (12 of 37), but significant (≥10%) positivity was seen in many biopsies (25 of 37).

In [Figure 2](#fig2){ref-type="fig"}, we show that there is a significant correlation between sFLT1-positive cells and degree of inflammation (r^2^ = 0.9), but some inflammatory foci were negative. No correlation was seen between inflammation and fibrotic changes (perhaps indicating that the fibrotic changes might be an ongoing/evolving process).Figure 2The expression of soluble fms-like tyrosine kinase 1 (sFLT1) in kidney biopsies is positively correlated with kidney inflammation (n = 52 biopsies). sFLT1 protein expression localized in kidney biopsies by immunohistochemistry. A 4-tier grading system was used to semiquantitatively measure sFLT1 and inflammation in the kidney biopsies.

Immunohistochemical assays for sFLT1, CD68 (macrophage marker), and CD34 (endothelial marker) were done in a subset of kidney biopsies from our cases. In [Figure 3](#fig3){ref-type="fig"} (interstitial nephritis case), we find that many interstitial cells are sFLT1-positive ([Figure 3](#fig3){ref-type="fig"}a). In the same tissue area, CD68 immunostaining demonstrated, that histiocytes were also abundant ([Figure 3](#fig3){ref-type="fig"}b). CD34 immunostaining in this tissue shows a loss of capillary networks ([Figure 3](#fig3){ref-type="fig"}c).Figure 3Representative images of immunohistochemical assay for soluble fms-like tyrosine kinase 1 (sFLT1), CD68 (macrophage marker), and CD34 (endothelial marker) immunoreactivity (brown precipitate) in renal biopsies. Bars = 20 μm. G, glomerulus.

A colocalization assay for sFLT1 (red), and CD34 (green immunofluorescence) demonstrates that in areas where sFLT1 staining is high, there is loss of CD34 stain in the renal biopsy ([Figure 4](#fig4){ref-type="fig"}; upper panels show the interstitial nephritis case). This supports data from [Figure 3](#fig3){ref-type="fig"}, suggesting that the presence of sFLT1 initiates an anti-angiogenic state that causes the loss of capillary networks. Also, a double immunofluorescence assay for sFLT1 (red) and CD68 (green) shows colocalization in several cells, proving that macrophages express sFlt-1 in kidney interstitium ([Figure 4](#fig4){ref-type="fig"}; lower panels show the anti-neutrophilic cytoplasmic antibody case).Figure 4Upper panels (interstitial nephritis case): representative images of immunofluorescence assay for soluble fms-like tyrosine kinase 1 (sFLT1; red) and CD34 (endothelial marker; green) in a renal biopsy. The areas to the right of the asterisks show reduced or absent CD34 staining. Bars = 100 μm. Lower panels (anti-neutrophilic cytoplasmic antibody case): representative images of immunofluorescence assay for sFLT1 (red), and CD68 (macrophage marker; green) in a renal biopsy. Yellow immunofluorescence demonstrates colocalization of the 2 antigens, which demonstrates that macrophages express sFLT1 in kidney interstitium. Bars = 20 μm.

Since the antibody used to study sFLT1 expression also detects FLT1, we performed additional staining with an antibody that has been reported to be specific to the unique C-terminal region of sFLT1. As noted in [Supplementary Figure S1](#appsec1){ref-type="sec"}, these studies showed similar expression staining patterns as seen in [Figure 1](#fig1){ref-type="fig"}; however, the staining with the sFLT1-specific antibody was less intense. These data suggest that both sFLT1 and FLT1 may be upregulated in the infiltrating histiocytes in CKD. To further characterize the specificity of sFLT1/VEGFR1 antibody (Thermo Fisher catalog no. 36-1100), human monocyte cells were stimulated with phorbol myristate acetate[@bib11] and evaluated for sFLT1 expression in the lysates by Western blot ([Supplementary Figure S2](#appsec1){ref-type="sec"}). We detected the 130-kDa sFLT1 isoform, as the predominant band in monocytes stimulated with phorbol myristate acetate compared to nonstimulated monocytes using this antibody. These findings suggest that the Thermofisher antibody used in the immunohistochemistry predominantly detects the sFLT1 isoform.

Discussion {#sec3}
==========

Here, we report that sFLT1-expressing histiocytes are present in a variety of tubulo-interstitial diseases and correlate with the degree of inflammation noted in CKD. An interesting point is that these sFLT1-expressing histiocytes were adjacent to areas of peritubular capillary loss. We speculate that the reduction of capillaries in the tubulointerstitum noted in CKD biopsies may be secondary to recruitment of macrophages expressing sFLT1 to sites of renal injury by creation of localized anti-angiogenic milieu. sFLT1 is known to be produced by the placenta during pregnancy, and the clinical significance of circulating sFLT1 in kidney diseases was first reported in association with preeclampsia, a major renal complication of pregnancy.[@bib1] Circulating soluble FLT1 levels are increased in patients with preeclampsia and are responsible for systemic endothelial injury, including the glomerular capillary damage typical of that condition.[@bib12] Overexpression of sFLT1 in pregnant rats induced hypertension, proteinuria, and glomerular endotheliosis.[@bib12] Multiple studies have demonstrated that circulating sFLT1 is a marker for diagnosis of preeclampsia.[@bib13] In preeclampsia, the major source of circulating sFLT1 is the placenta, as evidenced by the dramatic fall in sFLT1 levels following delivery. Elevated sFLT1 levels have also been noted in other nonpregnancy diseases; however, systemic levels were significantly lower than those that have been reported during preeclampsia, suggesting that local levels may be important.[@bib14], [@bib15], [@bib16] Our data suggest that inflammatory mononuclear cells such as histiocytes or macrophages may be a source for local production of sFLT1 at sites of injury, such as the tubulointerstitium in the context of CKD.

Di Marco *et al.*[@bib15], [@bib17] documented that plasma levels of soluble VEGF receptor sFLT1 were important to the increased cardiovascular risk that accompanies CKD, and after multivariate regression analysis were found to be exclusively associated with renal function. They identified circulating monocytes as a possible source. In a more recent study, Yuan *et al.*[@bib18] (2013) showed that circulating levels of VEGF and sFLT1 in CKD were associated with biomarkers of inflammation and that a high sFLT1 with concomitant high IL-6 correlated with increased mortality, which remained significant after adjustment for age and gender, body mass index, and comorbidities. Also, increased levels of sFLT1 were detected during acute anti-neutrophilic cytoplasmic antibody---associated vasculitis, leading to an antiangiogenic state that hinders endothelial repair.[@bib19]

Hammadah *et al.*[@bib20] (2016) evaluated 791 heart failure patients undergoing elective coronary angiogram. High levels of sFLT1 were associated with adverse cardiovascular outcomes. These increased sFLT1 levels were also associated with worse renal function, although they still independently predicted long-term survival.[@bib20] Chapal *et al.*[@bib21] (2013) found that increased plasma sFLT1 correlated with delayed graft function and early loss of peritubular capillaries in the kidney graft (136 consecutive renal transplant patients assessed for delayed graft function and peritubular capillary loss).

The importance of VEGF-A in maintaining peritubular vasculature was addressed by Dimke *et al.*,[@bib7] who found that this factor was expressed in tubular epithelial cells and that its receptor was largely restricted to adjacent peritubular capillaries. Embryonic deletion of tubular VEGF-A markedly reduced renal VEGF-A and resulted in the formation of a smaller kidney, with a striking reduction of density of peritubular capillaries. Serum VEGF-A was unaltered, even though there was a striking decrease in the renal parenchyma. Thus, any interference with VEGF-A function by sFLT1 has the potential to compromise peritubular vasculature as a consequence of both local production and serum elevation.

Masuda *et al.*[@bib22] demonstrated that angiogenic capillary repair plays an important role in recovery from glomerular damage in rats with experimentally induced glomerulonephritis. In their model, they systemically administered VEGF165, which successfully induced glomerular repair by stimulation of angiogenesis, and vascular remodeling. In contrast, an antagonist of VEGF165 increased glomerular injury in rats in an experimental model of mesangioproliferative nephritis.[@bib23] Thus, it seems that the angiogenic and anti-angiogenic balance/imbalance may play a general role in influencing the outcome of established kidney diseases.

Our study has some implications for future studies. The antibody used to detect sFLT1 also identifies FLT1, which is membrane bound and acts as a negative regulator of VEGF signaling.[@bib24] Although we were able to validate our findings with a second antibody that predominantly detects sFLT1, follow-up studies using quantitative polymerase chain reaction or in situ hybridization in fresh tissue to differentiate sFLT1 from FLT1 are needed to determine whether the paracrine effects of sFLT1 or the juxtracrine effects of FLT1 are responsible for the loss of capillaries in areas of renal inflammation. We also do not know whether the renal inflammation is the cause or the consequence of the renal disease. Studies of renal failure models in animals should shed light on the role of infiltrating monocytes during CKD. It is also important to peform studies with additional markers, such as arginase-1, to understand whether these sFLT1-expressing histiocytes are of the M1 or M2 pattern.[@bib25]

In summary, our studies using archived renal biopsies from a variety of CKDs implicate a population of sFLT1-positive histiocytes that could also be responsible for elevated plasma and urine levels and putatively create a local anti-angiogenic state as well. We speculate that sFLT1-positive cells are a part of proinflammatory infiltrates in CKD and may be extremely abundant in forms of tubulointerstitial nephritis. Their presence may promote a localized anti-angiogenic state that could inhibit capillary repair, contribute to peritubular capillary loss, and enhance fibrosis in CKD.
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**Supplementary Methods.**

**Figure S1.** Immunohistochemical staining with VEGFR1 antibody (R&D Systems, Framingham, MA; A, C, and E) and soluble VEGFR1 antibody (Thermo Fisher Scientific, Waltham, MA; B, D, and F) of the same kidney biopsies. Bars = 100 μm.

**Figure S2**. Representative Western blot analysis in U937 cells stimulated with phorbol myristate acetate. Using sFLT1/VEGFR1 antibody (Thermo Fisher Scientific, Waltham, MA, catalog no. 36-1100), the 130-kDa band represents the soluble form of FLT1, and the 180-kDa band is the full-length/membrane-bound FLT1 protein. The experiment was done twice, independently, with similar results.

[^1]: ANCA, anti-neutrophilic cytoplasmic antibody disease; CKD, chronic kidney disease; DM, diabetes mellitus; GN, glomerulonephritis; IFTA, interstitial fibrosis and tubular atrophy; sFLT1+, soluble fms-like tyrosine kinase 1; SLE, systemic lupus erythematosus; TMA, thrombotic microangiopathy.

[^2]: FLT1, fms-like tyrosine kinase 1; VEGF, vascular endothelial growth factor.
